Tissue acidosis is an important feature of inflammation. It is a direct cause of pain and hyperalgesia. Protons activate sensory neurons mainly through acid-sensing ion channels (ASICs) and the subsequent membrane depolarization that leads to action potential generation. We had previously shown that ASIC transcript levels were increased in inflammatory conditions in vivo. We have now found that this increase is caused by the proinflammatory mediators NGF, serotonin, interleukin-1, and bradykinin. A mixture of these mediators increases ASIC-like current amplitude on sensory neurons as well as the number of ASICexpressing neurons and leads to a higher sensory neuron excitability. An analysis of the promoter region of the ASIC3 encoding gene, an ASIC specifically expressed in sensory neurons and associated with chest pain that accompanies cardiac ischemia, reveals that gene transcription is controlled by NGF and serotonin.
Inflammation represents a protective defense reaction induced by external or internal trauma such as tissue injury, infection, or tumor growth. However, it represents one of the major causes of pain. The numerous inflammatory and pain mediators that are involved, released by fibroblasts, neurons, and immune cells, include neurotrophins (such as NGF), histamine, bradykinin, prostanoids (PGE 2 , LTB 4 ), serotonin, protons, cytokines [interleukin (IL)-1, IL-6], peptides (substance P), and free radicals (Dray, 1995) . They can have a direct action or stimulate the release of other chemicals, activate the immune system, facilitate vasodilatation and plasma extravasation, and sensitize the nociceptive system. This latter action is accomplished by their binding to receptors on sensory neurons, leading to downstream secondmessenger cascades and modulation of ion channel gating. Some of these mediators can change gene expression, modifying the phenotype of these neurons (Woolf and Costigan, 1999) . Inflammation is thus accompanied by short-term modifications in the excitation and sensitization of peripheral sensory terminals (Rang et al., 1991; Cesare and McNaughton, 1997) and longer-term changes in the properties of these afferent neurons innervating the inflamed tissue (Neumann et al., 1996; Woolf, 1996) , leading to a decrease in their excitability threshold. Combined with an increase in excitability of spinal neurons (McMahon et al., 1993) , this facilitated nociceptive transduction leads to hyperalgesia (i.e., responses to noxious stimuli are enhanced) and allodynia (i.e., innocuous stimuli produce pain).
Tissue acidosis is an important feature of inflammation in which extracellular pH can drop to values as low as 5.4 (Jacobus et al., 1977) . The protons are released by lysed cells along with degranulation of different mediators, or they come from a hypoxic metabolism. Acidosis has been shown to be directly linked to the feeling of pain in vivo in normal tissues and to contribute to sustained pain and hyperalgesia in inflammation (Steen and Reeh, 1993; Steen et al., 1995; Issberner et al., 1996; Reeh and Steen, 1996) . Protons are one of the most effective substances for the activation of nociceptors (Steen et al., 1990 (Steen et al., , 1992 .
Protons directly gate depolarizing cationic channels on sensory neurons (Krishtal and Pidoplichko, 1981; Bevan and Yeats, 1991) , which correspond to the now well characterized acid-sensing ion channels (ASICs) (Waldmann et al., 1996; Waldmann and Lazdunski, 1998) . Different isoforms of the ASICs arrange in homotetramers and heterotetramers to form functional channels: ASIC1a and 1b, ASIC2a and 2b, and ASIC3 (Waldmann et al., 1996; Garcia-Anoveros et al., 1997; Lingueglia et al., 1997; Waldmann et al., 1997a,b; Chen et al., 1998; Babinski et al., 2000; Benson et al., 2002) . In sensory neurons, the expression of the genes coding for specific ASICs is increased in the case of inflammation, and therapeutic doses of nonsteroid antiinflammatory drugs can prevent ASIC transcription increase by inflammation (Voilley et al., 2001) . This paper reports for the first time the cloning of an ASICencoding gene promoter region. It analyzes the contributions and possible mode of action of the different inflammatory mediators responsible for the change in mRNA levels of the different ASICs and correlates this change to an increase in sensory neuron excitability through an augmentation in ASIC channel activity. These different modifications could participate in the setting of inflammatory hyperalgesia.
MATERIALS AND METHODS

Dorsal root ganglion neuron primar y culture and RT-PCR e xperiments.
Cultures were prepared, and RNA purification and RT-PCR were performed as described previously (Voilley et al., 2001 ) with 35 cycles (saturation being reached after 42 cycles). The proinflammatory and control substances tested individually (Sigma, St. L ouis, MO) were incubated on the cells for 8 or 24 hr. The tested substances were as follows: 5 ng /ml IL -1␤, 5 ng /ml IL -3, 5 ng /ml IL -6, 1500 ng /ml IL -8, 5 ng /ml IL -12, 5 ng /ml interferon ␥, 5 ng/ml TNF␣, 5 ng /ml TGF␤, 100 ng /ml NGF, 2000 ng /ml histamine, 2000 ng /ml serotonin, 1000 ng /ml bradykinin, 400 ng /ml calcitonin gene-related peptide, and 100 ng /ml substance P.
Patch-clamp recording on dorsal root ganglion sensor y neurons. Ion currents were recorded using the whole-cell patch-clamp technique. Data were sampled at 500 Hz and low-pass filtered at 3 kHz using pC lamp8 software (Axon Instruments, Foster C ity, CA). The statistical significance of differences between sets of data was estimated by the singlesided Student's test. The pipette solution contained (in mM): 140 KC l, 5 NaC l, 2 MgC l 2 , 5 EGTA, 2 K 2 ATP, 10 H EPES, pH 7.35, and the bath solution contained (in mM): 150 NaC l, 5 KC l, 2 MgC l 2 , 2 CaCl 2 , 10 glucose, 10 H EPES, pH 7.45. C NQX (20 M) and kynurenic acid (10 M) (Sigma) were added to inhibit glutamate-induced currents. 2-[Nmorpholino]ethanesulfonic acid was used instead of H EPES to buffer bath solution pH ranging from 6 to 5. Changes in extracellular pH were induced by shifting one of eight outlets of a microperf usion system in front of the cell. E xperiments were performed at room temperature. Bovine serum albumin (0.1%) was added in extracellular solutions containing the spider toxin PcTX1. The toxin was applied at least 1 min before the pH drop. C apsaicin (Sigma) was used at 10 M. Cultured dorsal root ganglion (DRG) neurons were treated overnight with the mixture of proinflammatory factors, and currents were recorded from a similar number of control and treated neurons. C apsaicin-and protoninduced currents were recorded on primary cultured DRG neurons 2 d after the enzymatic dissociation. The PcTX1 toxin was used to determine the fraction of homomeric ASIC1a current (Escoubas et al., 2000) . Current densities (picoamperes per picoFarads) and proportions of neurons expressing each current type were measured from control and treated neurons from each cell culture and pulled together. Statistical analysis of the data was performed with GraphPad Prism 3.03 (GraphPad Software). Current densities showed a Gaussian distribution and were expressed as mean Ϯ SEM, and the significance was thus tested using the unpaired Student's t test.
Transcription start site determination and promoter isolation. The transcription start site (TSS) study was done with the Smart Race cDNA amplification kit (C lontech, C ambridge, UK) on rat DRG total RNA using the indications provided by the supplier. T wo PCR rounds were realized using at first the forward universal primer and the reverse 5Ј-C TGTTCCAGAAATACCCCAGGAC ASIC3 (GenBank accession number AF013598) primer and for the second round the forward nested universal primer and the reverse 5Ј-GCCGCCAGCGACAGGAGCACA ASIC3 primer. PCR products were then purified, subcloned in pCR2.1-TOPO vector (Invitrogen, Gaithersburg, MD), and sequenced. The rat promoter region was obtained by PCR on genomic DNA with reverse oligonucleotides designed from ASIC3 transcript and forward ones from the 5Ј region of ASIC3 gene on the mouse genome (provided by R. Waldmann, Institut de Pharmacologie Moléculaire et C ellulaire). T wo PCR rounds were realized (using the Taq Platinium; Invitrogen): the first round with the forward CC TAGCC TTTGTGAGAGTC T and the reverse CCGC TCAGCCACC TGGTAGAG primers, the second halfnested round with the forward CC TAGCC TTTGTGAGAGTC T and the reverse GCCGCCAGCGACAGGAGCACA primers. PCR products were then purified, cloned in pCR2.1-TOPO vector, and sequenced. With this method, ϳ3 kb were cloned. In parallel, the use of a Rat Genome Walker K it (C lontech) only allowed the isolation of a 1.5 kb fragment (matching with the 3Ј end of the 3 kb fragment). Analysis of the DNA sequence was done with MatInspector Professional 5.2 (Quandt et al., 1995) . Four deletions of the 3 kb sequence were realized by PCR, using Takara L A Taq polymerase. The PCR products were purified and subcloned in pBlue TOPO (Invitrogen) in the 5Ј of the ␤-galactosidase reporter gene. The 3/2925⌬CAAT mutant consisted of the deletion of the CCAAT box matrix (Ϫ405 to Ϫ416) generated by PCR.
Transfection and reporter gene activit y measurements. Transient transfection of 1-d-old primary culture of DRG cells was performed with E xgen 500 (Euromedex), according to the supplier's protocol. pBlue-TOPO vectors containing the constructs were cotransfected with a pSEAP2 vector containing the gene coding for the secreted alkaline phosphatase (SEAP) under a constitutive promoter (C lontech). After transfection, the primary cultured neurons were either left in normal medium or treated with different combinations of the following factors: NGF, IL -1␤, bradykinin, serotonin, or anti-NGF antibody (1:1000; Sigma). ␤-galactosidase activity was measured with the Galacto-Star kit (Tropix), and SEAP activity was measured with the Great EscAPe SEAP detection kit (C lontech), according to the protocols provided by the suppliers, 24 hr after transfection and treatment. The measures were realized with a Biorbit 1253 luminometer. For each sample, the ␤-galactosidase activity was normalized with the SEAP activity (reflecting the transfection level) and the amount of proteins (measured with the Bio-Rad protein assay). Background level was measured with the ␤-galactosidase vector with no added promoter sequence. Statistical analysis was performed with Origin41. Comparison of the means was done using Student's t test.
RESULTS
Action of proinflammatory mediators on ASIC gene expression in DRG neurons
We had shown previously that inflammation conditions increased in vivo the transcript levels of ASICs (Voilley et al., 2001) . To find which inflammatory factors were implicated, we tested different mediators on DRG neurons in primary culture and measured the levels of ASIC mRNAs by semiquantitative RT-PCR. Among the different compounds tested (see Materials and Methods), 10 had no effect (even at concentrations 5-150ϫ the EC 50 given by the supplier), and 4 were able to mimic the increase observed in vivo: NGF, serotonin, interleukin-1, and bradykinin. The concentrations used for these four compounds (which were 2-10ϫ the EC 50 given by the supplier) were in the range of concentration usually used in the literature or based on levels found in inflamed tissues (Ristimaki et al., 1994; Bevan and Winter, 1995; Mössner and Lesch, 1998; Petersen et al., 1998; Stucky et al., 1998; Habelt et al., 2000) . The induction factors ranged from 3-to 10-fold the basal expression (Table 1) for ASIC1a, -1b, -2b, and -3. We also measured the level of the vanilloid receptor VR1 transcript, because this cation channel is also sensitive to protons (Tominaga et al., 1998) and is also an important pain sensor (McCleskey and Gold, 1999; Caterina and Julius, 2001 ). The level of VR1 was unchanged, as observed previously (Hu-Tsai et al., 1996; Habelt et al., 2000; Voilley et al., 2001) . We thus used a mixture of NGF, serotonin, interleukin-1, and bradykinin in the following studies and referred to this mixture as the proinflammatory mix.
Effects of proinflammatory mediators on H ؉ -gated currents in DRG neurons
Capsaicin-and proton-induced currents were recorded on primary cultured DRG neurons. The PcTX1 toxin was used to specifically inhibit homomeric ASIC1a channels (Escoubas et al., 2000) . Typical recordings obtained from a neuron expressing VR1, homomeric ASIC1a, and ASIC3-like currents are shown in Figure 1 A. The inhibition of ASIC1a current by application of PcTX1 (10 nM) revealed a biphasic ASIC3-like current activated 
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by a pH drop from 7.4 to 6. DRG neurons were highly variable in their expression of ASIC and VR1 currents. The proportion of neurons expressing the different current types was determined in control and treated neurons from each of five different cell cultures and pooled together ( Fig. 1 B) . Treatment with the proinflammatory mix increased the number of neurons expressing an ASIC current from 32.3 to 55.8% of the recorded neurons ( Fig. 1 B, Table 2 ), without increasing the number of neurons expressing a capsaicin-activated current (67.6% of control neurons; 58.8% of treated neurons). The treatment increased the proportions of neurons expressing ASIC1a or ASIC3-like currents from 17.6 to 30% and 26.5 to 38.2%, respectively. This effect produced an increase in the probability of coexpression of ASIC and VR1 currents, from 11.7% in control neurons to 17.6% in treated neurons, associated with a decrease in the probability of expression of VR1 alone, from 50 to 32.3% (Table 2 ). Figure 1C shows that the treatment with the proinflammatory mix increased the mean peak ASIC current activated at pH 5 from 36.9 Ϯ 10.5 to 58.3 Ϯ 13.1 pA/pF without affecting the VR1 current density (Table 2 ). ASIC1a and ASIC3-like current densities were also increased. Even with the high variability of current density values, this effect was significant ( p Ͻ 0.05) for the ASIC3-like current, reaching 34.9 Ϯ 8.2 pA/pF from the control value of 15.1 Ϯ 3.5 pA/pF. The density of the sustained ASIC current was not significantly modified by the treatment and neither was the mean cell capacitance of neurons expressing an ASIC-like current (control: 35 Ϯ 3 pF, n ϭ 37; treated: 41 Ϯ 4 pF, n ϭ 35). A previous study showed a diminished acid-triggered transient current amplitude on DRG neurons on NGF deprivation, but without any change in the number of pH-responsive neurons (Bevan and Winter, 1995) .
To estimate the effect of such an increase in ASIC3-like peak current density on neuronal excitability, membrane potential variations were recorded on neurons expressing mainly an ASIC3-like current. Figure 2 presents typical recordings from two neurons expressing only an ASIC3-like current insensitive to the PcTX1 toxin (10 nM; data not shown) and no capsaicin-induced current (shown for the treated neuron) (Fig. 2 B) . These sensory neurons had a resting potential at approximately Ϫ58 mV, which was not significantly different between control and treated neurons (control: Ϫ57.4 Ϯ 2.6 mV, n ϭ 15; treated: Ϫ59.8 Ϯ 3.0 mV, n ϭ 9), and no spontaneous action potentials (APs). A pH drop from 7.4 to 6 induced a biphasic depolarization, with a transient and a plateau phase, which is compatible with the kinetics of the ASIC3-like current (Fig. 2 A, B) . However, effects of pH on other ionic channels that could also contribute to membrane potential changes cannot be ruled out. Interestingly, no APs were triggered during the plateau of the depolarization, even for small pH drops, contrary to what was reported in hippocampal neurons (Baron et al., 2002) . The transient depolarization induced by pH 6 could trigger bursts of APs in the neuron treated by the proinflammatory mix, as shown in enlargements in Figure 2 B, whereas the AP threshold was not reached by the transient depolarization induced by pH 6.6. In the control neuron (Fig. 2 A) , the membrane depolarization induced by the smaller ASIC3-like current could not trigger any action potential, even at pH 6. This increase in excitability after treatment with the proinflammatory mix was not caused by a shift in the ASIC3-like current pH dependency, which was not different in control and treated neurons (Fig. 2C) . The mean depolarization induced by the pH drop was increased in treated neurons for each pH value (Fig. 2 D) . The mean AP threshold (Fig. 2 D, gray bar) was not significantly different for control (Ϫ25.4 Ϯ 2.6 mV; n ϭ 11) and treated neurons (Ϫ29.8 Ϯ Figure 1 . Effect of proinflammatory mediators on proton-gated currents in rat DRG neurons. A, Original current traces from a DRG neuron expressing capsaicin-activated VR1 current (left) and PcTX1-sensitive ASIC1a current and ASIC3-like current (right). This neuron was treated overnight with the proinflammatory mix. Holding potential was Ϫ50 mV. B, Percentage of recorded neurons expressing an ASIC-like current (ASIC), a PcTX1-sensitive ASIC1a current (ASIC1), an ASIC3-like current (ASIC3), and a capsaicin-activated VR1 current (VR1), in control neurons (white bars) and in neurons treated overnight with the proinflammatory mix (dark gray bars). Some neurons can express a mixture of these different current types because each current type (VR1, ASIC1a, or ASIC3-like) could be found alone or associated with one or two of the others. The proportion of neurons expressing each current type, whether alone or associated with one or two other types, was determined. The total number of recorded neurons was 34 for each condition, from 5 different cell cultures in which similar numbers of control and treated neurons were recorded. C, Mean current density (picoamperes per picoFarads) of ASIC-like current (ASIC), PcTX1-sensitive ASIC1a current (ASIC1), ASIC3-like current (ASIC3), and capsaicin-activated VR1 current (VR1), in control neurons (white bars) and in neurons treated overnight with the proinflammatory mix (dark gray bars). Holding potential was Ϫ50 mV; ASIC current amplitudes were measured at pH 5. Mean Ϯ SEM is shown; n ranges from 8 to 23 from 5 different cell cultures. *p Ͻ 0.05; significantly different from the control value. 2.4 mV; n ϭ 10); neither was the relationship between the ASIC3-like current density and the membrane depolarization induced by the same pH drop on the same neuron (Fig. 2 E) . Thus, the increase in neuronal excitability induced by the proinflammatory mix appeared to be related to the increase in ASIC3-like current amplitude and in the subsequent depolarization that triggers APs when reaching the threshold value. Indeed, the number of neurons in which APs could be triggered by a pH drop was increased by the proinflammatory mix treatment (Fig. 2 F) , particularly for small pH changes activating submaximal ASIC3-like currents that depolarized the neuron near the AP threshold (Fig. 2 D) . A pH drop from 7.4 to 6.3 triggered APs in 54.5% of the treated neurons compared with 27.3% of the control neurons, whereas a pH drop from 7.4 to 6 triggered APs in 75% of the treated neurons compared with 46% of the control neurons. Thus, our results clearly show that a higher ASIC3 transcript level is accompanied by a higher ASIC3 current amplitude leading to higher neuronal excitability.
Regulation by proinflammatory mediators of ASIC3 promoter region activity
To determine the transcription start site of the ASIC3 encoding gene, we performed 5Ј rapid amplification of cDNA ends (RACE)-PCR on RNA from rat DRGs. The longest fragment obtained was 343 nucleotides long from the ATG. It could correspond to the transcription start site. Smaller fragments were also obtained, suggesting more proximal start points or strong secondary structures in the 5Ј noncoding region of the mRNA. Whether the RNA was extracted from normal DRGs or from DRGs under inflammatory conditions [from an animal under a Complete Freund's adjuvant (CFA)-induced inflammation], the sizes of the fragments obtained were similar. This means that the same promoter region is used in both conditions. We then used rat genomic DNA to isolate the promoter region of the gene. We cloned a 3174 bp fragment upstream of the ATG. This sequence appeared in GenBank under accession number AF527175. The Holding potential was Ϫ50 mV. Middle, Current-clamp recording (I ϭ 0 pA) of the depolarization induced by a pH drop from 7.4 to 6 and 6.6. Action potentials were triggered by the membrane depolarization induced by pH 6 but not by pH 6.6. Bottom, Enlargement of the initial depolarization induced by the pH drop, showing action potential bursts. C, pH-dependent activation of the peak ASIC3-like current in control (E) and treated (F) neurons. Holding potential was Ϫ50 mV. The current amplitude was expressed as a fraction of the current induced by pH 5 (I/I pH 5) and plotted as mean Ϯ SEM; n ranges from 5 to 19. The data could be fitted by a sigmoid with a pH 0.5 ϭ 6.2 and a Hill slope factor of 1.7. D, Mean peak membrane depolarization as a function of extracellular pH in control (E) and treated (F) neurons, measured from current-clamp recordings (I ϭ 0 pA). The resting potential was Ϫ57.4 Ϯ 2.6 mV (n ϭ 15) and Ϫ59.8 Ϯ 3.0 mV (n ϭ 9) in control and treated neurons, respectively. The depolarization values during APs were excluded from measurements. The membrane potential area corresponding to the AP threshold is indicated by a gray bar (see Results for value). Mean Ϯ SEM values are shown; n ranges from 4 to 19. *p Ͻ 0.05; significantly different from the control value. E, Membrane depolarization as a function of ASIC3-like current density activated by the same pH drop on the same neuron. The membrane potential was measured by current-clamp (I ϭ 0 pA), and the depolarization values during APs were excluded from measurements. ASIC3-like current density (picoamperes per picoFarads) was subsequently measured on the same neuron, at a holding potential similar to the resting potential measured in current clamp (I ϭ 0). Membrane potential and ASIC3-like current density were measured during the transient peak (E, control; F, treated neurons) and during the sustained plateau phase (Ⅺ, control; f, treated neurons) for the same pH value. F, Percentage of recorded neurons in which APs were triggered by various pH drops (white bars, control; dark gray bars, treated neurons).
analysis of this fragment revealed no TATA box, no initiator element (Inr), and no GC box, but several CCAAT boxes along the sequence. The most probable CCAAT box corresponded to an inverted nonconsensus box at Ϫ62 bp from the TSS (Ϫ405 from the ATG). In TATA-less promoters with inverted CCAAT box, the functional site is found at the average position of Ϫ63 Ϯ 29 to the TSS (Mantovani, 1998) . The 343-base 5Ј untranslated region (UTR) of the mRNA was compared with the genomic sequence. It contained no intron, and the possibility of multiple transcription start sites was highly probable because many TATAless promoters lacking initiator elements use multiple start sites, and the 5Ј UTR contains a multiple start site element downstream-1-like sequence, named MED-1, an element necessary for multiple start utilization, at position Ϫ305 from the ATG (Ince and Scotto, 1995) . A 2925 bp DNA fragment (from Ϫ249 to Ϫ3174 from the ATG) and different deletion constructs obtained from this fragment were subcloned before the ␤-galactosidase reporter gene and transfected into primary cultures of DRG neurons along with a SEAP-containing vector. Figure 3 shows the results regarding the activities of different parts of the promoter region in control medium and with the proinflammatory mix. The full-length sequence of the ASIC3 promoter region 3/2925 conferred a basal activity that was significantly increased by proinflammatory mediators (the ␤-galactosidase activity augmented from 1.9 Ϯ 0.4 to 4.6 Ϯ 1.0; p Ͻ 0.05). When the putative inverted CCAAT box within the complete clone was deleted (construct 3/2925⌬CAAT), there was a total loss of the transcriptional activity (i.e., to the background level, which corresponds to the activity of the ␤-galactosidase vector with no added promoter sequence), showing the importance of this element in ASIC3 encoding gene transcription. The shorter construct 3/1423 displayed an activity in the range of the background level both in normal and in treated conditions. This activity seemed lower than the basal activity of the full-length promoter region (1.2 Ϯ 0.1 vs 1.9 Ϯ 0.4; p ϭ 0.1). Construct 3/1066 displayed basal activity that was twofold higher than that of construct 3/2925 (4.0 Ϯ 0.6 compared with 1.9 Ϯ 0.4; p ϭ 0.07) and four times higher than the background level. Treatment with the proinflammatory mix multiplied its basal activity by 3 (from 4.0 Ϯ 0.6 to 12.2 Ϯ 1.4; p ϭ 0.002), bringing a 12-fold increase from the background level. The proinflammatory mix-induced activity of construct 3/1066 was approximately three times higher than that of construct 3/2925 under the same conditions (12.2 Ϯ 1.4 compared with 4.6 Ϯ 1.0; p ϭ 0.006). Construct 3/1066 basal activity was not significantly different from construct 3/2925-induced activity (4.0 Ϯ 0.6 compared with 4.6 Ϯ 1.0). The shortest construct 3/452 had a control activity significantly lower than construct 3/2925 (0.7 Ϯ 0.2 vs 1.9 Ϯ 0.4; p ϭ 0.02), which had an activity corresponding to the background level, and the proinflammatory mix did not induce any change. Activities of construct 3/2925⌬m, which lacked the middle fragment, Ϫ1315 to Ϫ1672, were similar in control conditions (3.5 Ϯ 0.8) and after the proinflammatory treatment (4.0 Ϯ 0.8) and corresponded to the maximal activity of the full-length clone 3/2925. Construct 3/2925⌬mp, lacking the sequence from Ϫ701 to Ϫ1672, showed comparable activities in control and inflammatory conditions (basal: 5.2 Ϯ 1.0; treated: 5.0 Ϯ 2.0).
These results indicate that different parts of the promoter region have different functional roles in the basal transcription of the ASIC3 encoding gene and the presence of inflammatory mediators.
We then tested the proinflammatory factors individually on the constructs displaying a transcriptional activity (Fig. 4) . On the full-length clone 3/2925, NGF alone was sufficient to induce a maximal expression almost tripling the activity (4.9 Ϯ 1.0 vs 1.9 Ϯ 0.4; p ϭ 0.04). The addition of anti-NGF antibodies, which blocked the NGF present in the culture medium or produced by the cells in culture, induced a decrease of the basal activity to the background level (a reduction from 1.9 Ϯ 0.4 to 0.6 Ϯ 0.1; p ϭ 0.01). The total induction of ASIC3 encoding gene transcription by NGF represented then an eightfold increase and was in the same range as the mRNA level induction measured by RT-PCR (7.3 Ϯ 1.3-fold) (Table 1) . Serotonin, bradykinin, and interleukin-1 had no effect on 3/2925 expression. Construct 3/1066 showed a different pattern of activity. Serotonin was able to fully activate its expression (from 4.0 Ϯ 0.6 to 9.7 Ϯ 2.2; p ϭ 0.05), but in a NGF-dependent manner, because anti-NGF antibodies completely abolished serotonin action. However, the simultaneous addition of NGF, which had no enhancing activity alone, along with serotonin, prevented serotonin action. Bradykinin and IL-1 had no action on 3/1066 expression. Construct 3/2925⌬m and construct 3/2925⌬mp showed comparable expression profiles. Their expression level was the same as the basal level of construct 3/1066, with or without proinflammatory mediators. The addition of anti-NGF antibodies tended to decrease Figure 3 . ASIC3 gene promoter region study by reporter gene assays. The activities of different constructs of the promoter region of the ASIC3 gene were tested using ␤-galactosidase as a reporter gene. The clones were transfected into DRG neurons in primary culture, and the cells were either maintained in the regular medium (white bars) or treated with the proinflammatory mix (NGF, bradykinin, IL-1, and serotonin) (dark gray bars) shown to mimic inflammation action on ASIC encoding gene transcription. NGF antibody corresponds to incubation with the anti-NGF antibody. Results are normalized on SEAP activity (which takes into account the transfection yield) and the amount of proteins. They are expressed as the ratio of a treated condition with the background level (given by the ␤-galactosidase vector basal activity; i.e., without any promoter region insert added) and are given as mean Ϯ SEM. The following constructs were studied: the full-length sequence of ASIC3 encoding gene promoter region (the 2925-base long fragment, named 3/2925, from Ϫ249 to Ϫ3174), three shorter fragments (3/1423, from Ϫ249 to Ϫ1672; 3/1066, from Ϫ249 to Ϫ1315; and 3/452, from Ϫ249 to Ϫ701), and three deletion fragments (3/2925⌬CA AT, lacking the putative CCAAT box from Ϫ405 to Ϫ416; 3/2925⌬m, lacking from Ϫ1315 to Ϫ1672; 3/2925⌬mp, lacking from Ϫ701 to Ϫ1672). n Ն 3; ૺ corresponds to a significant difference ( p Ͻ 0.05) between the control and the treated conditions for the same clone, ૾ corresponds to a significant difference ( p Ͻ 0.05), and (૾) corresponds to a difference with p Ͻ 0.1, between the control of clone 3/2925 and any other condition. the basal level (from 3.5 Ϯ 0.8 to 1.8 Ϯ 0.4, p ϭ 0.1, for construct 3/2925⌬m; from 5.2 Ϯ 1.0 to 2.1 Ϯ 0.3 for construct 3/2925⌬mp, p ϭ 0.06).
DISCUSSION
Extracellular acidification is an important factor in inflammatory pain and hyperalgesia (Steen et al., 1990; Issberner et al., 1996; Reeh and Steen, 1996; Sutherland et al., 2000) . The main H ϩ sensors are the ASICs (Waldmann et al., 1997a; Waldmann and Lazdunski, 1998; McCleskey and Gold, 1999) . They are expressed in DRG sensory neurons and particularly in nociceptors (Chen et al., 1998; Olson et al., 1998; Petruska et al., 2000; Garcia-Anoveros et al., 2001; Voilley et al., 2001) . They are strong candidates for acid-evoked nociceptive responses and especially for cardiac nociception associated with ischemia (Sutherland et al., 2001) . They may also be involved in mechanosensation (Price et al., 2001 ).
Heterogeneity of sensory neurons expressing H ؉ -gated currents
We have found that 32.3% of DRG neurons express an ASIC current, 17.6% express an ASIC1a current, 26.5% express an ASIC3-like current, and 67.6% express a VR1 current, each current type being expressed either alone or associated with one or two of the others. A mixture of an ASIC1a and an ASIC3-like current is present in 9% of the neurons, which represents almost one-third of ASIC-expressing neurons, whereas a VR1 current is coexpressed with an ASIC current in 11.7% of the neurons, which represents approximately one-half of the ASIC-expressing neurons. Petruska and colleagues (2000) reported similar results, with 28% of ASIC-like-expressing neurons and 47% of VR1-expressing neurons, but these authors reported a lower proportion of ASIC3-like-expressing neurons (8%) and no coexpression of ASIC-like current and VR1 current. Taken together, all of these results indicate a functional diversity of H ϩ -gated currents in rat DRG neurons and suggest a functional specialization of sensory fibers depending on their H ϩ -gated channel expression pattern.
Effect of proinflammatory mediators on H ؉ -gated channels in DRG neurons
We had shown previously that ASIC transcript levels in sensory neurons were increased in inflammatory conditions in vivo (Voilley et al., 2001) . Among the large panel of mediators that we tested and that come into play in such conditions, we have shown that NGF, serotonin, bradykinin, and IL-1 are the only factors that are able to increase ASIC mRNA levels. It is well known that these locally released proinflammatory factors can activate and sensitize sensory neurons and produce hyperalgesia (Ferreira et al., 1988; Taiwo and Levine, 1992; Lewin and Mendell, 1993; Watkins et al., 1994; Dray, 1995; McMahon, 1996) . NGF induces strong and long-lasting changes in sensory neurons through regulation of gene expression (Zur et al., 1995; McMahon, 1996; Woolf, 1996; Fitzgerald and Dolphin, 1997; Petersen et al., 1998; Waxman et al., 1999a) . Serotonin and IL-1 induce the expression of inflammation-associated genes (Ristimaki et al., 1994; Stroebel and Goppelt-Struebe, 1994; Dinarello, 1996; Humblot et al., 1997) . We have shown that in the same conditions a mix of these inflammatory mediators does not change VR1 mRNA levels.
When DRG neurons are submitted to proinflammatory mediators, there is an increase both in the ASIC current density (ϳ1.6-fold) and in the proportion of neurons expressing ASIC currents (1.7-fold). Both ASIC1a and ASIC3-like current densities are increased (ϳ1.7-fold and 2.3-fold, respectively), as are proportions of ASIC1a-and ASIC3-expressing neurons (ϳ1.7-fold and 1.4-fold, respectively). The density of capsaicin-induced (VR1) current and the proportion of neuronal cells expressing this channel type were essentially the same in control and treated conditions. These changes in ASIC expression are expected to facilitate H ϩ -induced excitation of ASIC-expressing sensory neurons as well as induce an acid pH sensitivity of newly ASICexpressing neurons.
Correlation between stimulated ASIC3 expression and neuronal excitability
The increase in ASIC current densities and in ASIC-expressing cell proportion by proinflammatory mediators directly modifies the excitability of DRG neurons expressing an ASIC current.
In DRG neurons, the biphasic ASIC3-like current triggers a biphasic depolarization. APs are induced only on the peak phase and not on the plateau of ASIC3-induced depolarization. Actually, both tetrodotoxin (TTX)-sensitive and TTX-resistant voltage-dependent Na ϩ channels are involved in the control of the excitability of sensory neurons (Rush et al., 1998; Gold, 1999; Baker and Wood, 2001 ) and could be recruited during extracel- Figure 3 are tested in the same system with the mediators used individually. Results are given as in Figure 3 (mean Ϯ SEM) with n Ն 3. ૺ corresponds to a significant difference ( p Ͻ 0.05), and (ૺ) corresponds to a difference with p Ͻ 0.1, between the control and the treated conditions for the same clone. NGFAb, NGF antibody; BK, bradykinin; 5HT, serotonin. lular acidification-induced depolarization. It is interesting to note that although the relation between the current densities and the depolarization is the same for the peak and the plateau phases, APs are triggered only by the peak in DRG neurons. This is different from what occurs in the hippocampus, where a similar relation exists but where APs appear on both the peak and the plateau phases (Baron et al., 2002) . This reinforces the role of the TTX-resistant Na ϩ channels that are expressed exclusively in sensory neurons and not in the CNS (Gold, 1999) . Indeed, TTXresistant channels activate and inactivate with higher membrane potential thresholds than TTX-sensitive channels. For example, Ͼ95% of TTX-sensitive channels are inactivated by potentials more positive than Ϫ40 mV, whereas Ͼ90% of TTX-resistant channels are still available at Ϫ40 mV (Rush et al., 1998) .
The amplitude of the depolarization induced by ASIC3 currents follows a nonlinear saturating relation. Thus, a small current (for example 40 pA/pF, which is only one-fourth of the maximal current in these experiments) (Fig. 2 E) is able to induce an almost maximal depolarization of ϳ50 mV, which brings the neuron membrane potential to 0 mV and is mostly sufficient to trigger APs. The consequence is that small ASIC3 currents triggered by changes to pH values between 7 and 6 would bring the membrane potential in the range of the AP triggering threshold. Thus, a moderate change of these ASIC3 currents will have major consequences on neuronal excitability and AP triggering. By inducing a greater depolarization, the increase of current density by the proinflammatory mediators can double the number of APs triggered at pH 6.3 without changing the resting potential, the AP-triggering threshold, or the current density/depolarization relation. Clearly, a same external acidification will have more impact on neuron excitability after sensory cells have been exposed to proinflammatory mediators. ASIC channels can thus be important in inflammatory hyperalgesia through the hypersensitivity to acid that we have observed in nociceptors. In addition to this effect on neuronal excitability, proinflammatory mediators also increase the proportion of ASIC-expressing neurons. This increase in pH-responding cell number can participate in allodynia. ASIC channels are not the only ion channels that are modified in inflammatory conditions and by inflammatory mediators (like NGF). Voltage-dependent Na ϩ and Ca 2ϩ channels were also shown to be upregulated (Zur et al., 1995; Fitzgerald and Dolphin, 1997; Waxman et al., 1999a,b) .
Regulation of ASIC3 gene promoter activity by proinflammatory mediators
ASIC3 is a particularly important ion channel for nociception (McCleskey and Gold, 1999; Sutherland et al., 2001; Chen et al., 2002) . We have now shown that inflammatory mediators directly modulate ASIC3 encoding gene expression through its promoter region. This particular region is controlled by an essential inverted CCAAT box and can be divided into three main domains.
The transcription start site proximal domain confers a high basal expression of ASIC3 through endogenously produced NGF. It also confers a high potential of regulation by the proinflammatory mediator serotonin, which is the only factor to induce a maximal expression, through an NGF-dependent mechanism. A basal activity attributable to endogenous NGF is necessary for serotonin action (Fig. 4, 3/1066 ) because this action is suppressed by anti-NGF antibody treatment. Addition of NGF in higher concentrations along with serotonin prevents the serotonininducing action as if the two proinflammatory mediators were competing for a common intermediate element in their transduction pathway. This result suggests that different mechanisms, which remain to be identified, regulate basal and stimulated expression associated with different levels of NGF.
The middle domain completely suppresses the transcriptional activity of the proximal domain. When it is removed, none of the inflammatory mediators can have an inducing action on the ASIC3 encoding gene expression, but the basal activity is high and maintained by NGF (Fig. 4, 3/2925⌬m and 3/2925⌬mp) . When the distal domain is present, which corresponds to the in vivo situation, some transcriptional activity is regained by the action of NGF. This factor has a low basal action and alone can enhance the expression, which, however, can only reach the basal level observed with the proximal domain alone. Numerous putative responsive elements can be detected in the ASIC3 promoter region. A detailed study will be necessary to better identify the sites and the transcription factors implicated.
Proinflammatory mediators like NGF and serotonin can thus directly enhance the transcriptional activity of the ASIC3 encoding gene. The silencing role of the middle domain would be to limit an overexpression of ASIC3 to allow its regulation by proinflammatory mediators and the subsequent increase in neuronal excitability. Conversely, VR1 expression was shown to be maximal at physiological levels of NGF (Hu-Tsai et al., 1996; Szallasi and Blumberg, 1999) , and indeed we observed no further increase in VR1 transcript level and current density induced by proinflammatory mediators (Fig. 1C, Tables 1, 2 ). ASICs thus appear to be better candidates than VR1 to underlie the welldescribed hypersensitization of sensory neurons during inflammation (Rang et al., 1991; Cesare and McNaughton, 1997; Woolf and Costigan, 1999) .
Bradykinin and IL-1 have no effect on ASIC3 gene promoter activity. This result seems surprising because the RT-PCR results have shown an increase in ASIC3 mRNA level after bradykinin or IL-1 treatment. We suggest that these mediators act on the half-life of the transcripts, as it has been described for the regulation of cyclooxygenase-2 by IL-1 (Ristimaki et al., 1994) . It is noteworthy that the 3Ј UTR of ASIC3 mRNA, which is only 87 bases long before the polyA tail, contains a predicted stem loop formed by 54 bases (a hairpin of 20 bases long, with two small loops). This stable structure could participate in the regulation of mRNA stability (Pesole et al., 2000; Putland et al., 2002) .
CONCLUSIONS
This work shows that NGF and to a lesser extent serotonin are key elements for both the basal expression and the transcriptional regulation of the ASIC3 encoding gene. Endogenous NGF is known to participate in the determination of the sensitivity of primary afferent nociceptors (Bennett et al., 1998) , and we now demonstrate that it allows basal ASIC3 expression in these sensory neurons. An increase in NGF level, similar to what happens during inflammation (McMahon, 1996) , enhances ASIC3 encoding gene expression. This effect is directly correlated to an increase (1) in ASIC current amplitude in sensory neurons, (2) in the number of ASIC-expressing neurons, and (3) in neuronal excitability. The important role of NGF in the onset of inflammation-induced hyperalgesia and sensitization of the nociceptive system suggests that reducing NGF concentration or blocking its effect could provide a clinical advantage in some inflammatory pain states (Djouhri et al., 2001 ).
